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T cells developing in the thymus are derived from hematopoietic stem cells (HSCs) in the bone
marrow (BM). Understanding the developmental steps linking multipotent HSCs to intrathymic T
lineage-committed progenitors is important for understanding cancer in T lineage cells, improving
T cell reconstitution after BM transplantation, and designing gene-therapy approaches to treat defec-
tive T cell development or function. Such an understanding may also help ameliorate immunological
defects in aging. This review covers the differentiation steps between HSCs and committed T cell
progenitors within the thymus.Introduction
The adoption of a lineage fate requires that multipotent
progenitor cells are competent to respond to lineage-
specific inductive signals and are in an environment where
these signals are present. Such progenitors then give rise
to progeny whose subsequent differentiation may be
dependent on different inductive signals that are not
always present in the local environment, thus requiring
migration to a new locale. This process is repeated several
times during the differentiation of a blood-cell lineage.
Linked to this stepwise-differentiation process, but not
perfectly concordant with it, is the loss of the ability to
respond to inductive signals that drive alternate lineage
fates. This loss of lineage potential is termed lineage
commitment (Enver et al., 1998; Metcalf, 1998).
Lineage commitment is experimentally assessed by the
absence of alternative lineage potentials in appropriate
developmental assays. The mechanistic underpinnings
of such loss of lineage potentials could theoretically
include the inability to respond to key inductive signals,
the inability to migrate into environments where appropri-
ate signals are delivered, the loss of necessary transcrip-
tional effectors, or the chromatin inaccessibility of crucial
gene targets (Kondo et al., 2000; Warren and Rothenberg,
2003; Laiosa et al., 2006). Multiple distinct mechanisms
could cause the loss of a given lineage potential as
revealed in experimental assays. For this reason, the
very same commitment step, measured experimentally
as the loss of a particular lineage potential, might theoret-
ically occur in different environments, in response to
distinct signals, and by different molecular mechanisms.
T lineage commitment can be a temporally prolonged
and spatially distributed process, requiring many weeks,
three separate anatomical sites, many environments,678 Immunity 26, June 2007 ª2007 Elsevier Inc.and the loss of multiple alternative lineage potentials.
How much of the business of making a T cell occurs
prethymically, in the BM or other sites, and how much
occurs after progenitors migrate into the thymus? Do the
steps in this differentiation process always follow in the
same sequence, or is some flexibility permitted and
perhaps even an intrinsic feature of T cell development?
Do all T cells and their progenitors follow the same set
of rules? These questions cannot be answered with
certainty, but much has recently been learned. This review
will outline what is known and attempt to provide a
conceptual framework within which current controversies
in early T cell development can be resolved.
Progenitors in Bone Marrow
In the following three sections, we describe progenitors
with T lineage potential resident in the BM, blood, and
thymus. Because potential T cell progenitors must
respond to inductive Notch signaling and migrate to the
thymus, we also briefly discuss the expression of
molecules controlling Notch responsiveness and thymic
migration of hematopoietic progenitors. Although the
information here is not without controversy, most of it is
generally well accepted. In contrast, the progenitor-
successor relationships linking progenitors in BM and
blood to early progenitor populations in the thymus are
much less well understood and are discussed in subse-
quent sections.
Unlike other blood cell types, which mature in the BM,
cells of the T lineage complete their maturation in the
thymus. The identity of the progenitor cells that undergo
migration from the BM to the thymus to eventually give
rise to T cells is not known. Candidate progenitors have
included HSCs themselves, as well as downstream
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differing degrees of lineage restriction toward the T cell
lineage. These are discussed below (also see Table 1
and Figure 1) and are also covered in accompanying
reviews in this issue of Immunity (Hardy et al., 2007).
T cells develop from self-renewing HSCs that are
multipotent, with lineage potential for all blood cell types.
HSCs lack expression of lineage markers expressed by
differentiated cell types, express CD117 (Kit) and Sca-1,
and thus reside within the lineage-negative Sca-1+ Kithi
(LSK) population of BM (Spangrude et al., 1988; Ikuta
and Weissman, 1992). However, the LSK subset is
remarkably heterogeneous, and self-renewing HSCs
reside within a subset of LSK cells that lack expression
of the CD135 (Flt3) cytokine receptor. Other progenitor
cells that share the LSK phenotype but express the Flt3
receptor are nonrenewing multipotent progenitors
(MPPs) (Adolfsson et al., 2001; Christensen and Weiss-
man, 2001). Recent studies have revealed further hetero-
geneity within this nonrenewing LSKFlt3+ subset because
all LSKFlt3+ cells do not retain multilineage potential for all
blood lineages. Instead, the Flt3hi subset of LSKFlt3+ cells
has greatly attenuated megakaryocyte and erythrocyte
potential (see Lu et al. [2002], Adolfsson et al. [2005],
and Yoshida et al. [2006], but see Forsberg et al. [2006])
for a dissenting point of view), whereas the Flt3lo/+ subset
retains potential for erythroid-cell lineages. Subsets of
LSKFlt3hi cells defined by expression of Rag genes
(Igarashi et al., 2002) and lack of VCAM-1 expression
(Lai and Kondo, 2006) have further attenuated myeloid
potential. RAG-expressing LSKFlt3hi cells have been
termed early lymphoid progenitors (ELPs) (Igarashi et al.,
2002) or lymphoid-primed multipotent progenitors
(LMPPs) (Adolfsson et al., 2005), and their existence
indicates that lymphoid specification can initiate very early
in hematopoiesis. A current scheme of BM hematopoiesis
therefore includes HSC and nonrenewing MPP, which
generate lineage-biased downstream populations includ-
ing common myeloid progenitors (CMPs, not further
considered in this review) and ELPs or LMPPs (Adolfsson
et al., 2005). ELPs, in turn, give rise to lymphoid-restricted
common lymphoid progenitors (CLPs) and further down-
stream, CLP-2, which possess T and B lineage potential
in clonal assays (Kondo et al., 1997; Izon et al., 2001;
Gounari et al., 2002; Martin et al., 2003; Rumfelt et al.,
2006).
Notch1 is necessary for intrathymic T cell development,
indicating that progenitors for T cells must be able to
express Notch1 and be competent to respond to Notch
signaling (Radtke et al., 1999). Further, Notch signaling
in BM progenitors results in ectopic T cell development
at the expense of B cell development (Pui et al., 1999).
These observations highlight the importance of Notch
signaling and particularly Notch1 in T cell development.
The role of Notch in T cell development is dealt with in
detail elsewhere in this issue of Immunity (Rothenberg,
2007). Of relevance here, Notch1 mRNA is expressed in
multiple hematopoietic progenitors, including HSCs,
MPPs, ELPs, and CLPs, consistent with the presence ofT lineage potential in each of these progenitor populations
(Milner et al., 1994; Maillard et al., 2006a; Rumfelt et al.,
2006). Although Notch1 mRNA is expressed in multiple
progenitor-cell types, its expression is tightly regulated,
and BM progenitors downstream of HSCs acquire the
ability to respond more efficiently to Notch signals by
upregulating Notch1 surface expression (Ikawa et al.,
2006; Heinzel et al., 2007; Lai and Kondo, 2007).
Although multiple different hematopoietic progenitors
possess T lineage potential, they do not all contribute to
the T cell lineage physiologically. Very few, if any, self-
renewing HSCs are evident within the thymus (Gold-
schneider et al., 1986; Scollay et al., 1986; Mori et al.,
2001). HSCs are efficient T cell progenitors if directly
injected into the thymus, but HSCs injected intravenously
do not make thymocytes for several weeks, further indi-
cating that HSCs fail to migrate into the thymus in the
physiological setting. Consistently, HSCs lack expression
of the CCR9 molecule that is important for efficient thymic
settling (Schwarz et al., 2007). These observations imply
that BM progenitors downstream of HSCs must acquire
the competence to migrate to the thymus. One mecha-
nism by which this competence is acquired involves
expression of CCR9, but CCR9-independent mechanisms
of thymus homing also exist (Uehara et al., 2002; Liu et al.,
2006; Wurbel et al., 2006; Schwarz et al., 2007). Upregu-
lated Notch1 surface expression, and surface expression
of CCR9 that is involved in thymic homing, is first acquired
at the ELP stage, downstream of HSCs (Heinzel et al.,
2007; Lai and Kondo, 2007; Schwarz et al., 2007).
Together, these data indicate that many hematopoietic
progenitors are capable of T lineage development if
exposed to Notch signaling within an otherwise lympho-
poietic environment (Zuniga-Pflucker, 2004). They also
stress the importance of assessing trafficking to the
thymus because this separates physiological T cell
progenitors from other progenitors with T lineage potential
in experimental assays.
Progenitors in Blood
Progenitor cells are thought to occupy the circulation for
very short periods, in the order of seconds to minutes
(Wright et al., 2001). Perhaps for this reason, the frequency
of circulating progenitors is very low in adult mice. Only
small numbers of circulating progenitors can be isolated,
and this has necessitated the use of immunodeficient or
irradiated recipient mice for in vivo experiments. However,
the use of such conditioned recipient mice in studies of
thymic settling can potentially lead to conclusions that
are not physiologically relevant. These model systems
only address whether a cell can enter the thymus under
artificial conditions created within the thymus after radia-
tion damage or because of structural changes as a result
of immune deficiency. These structural changes lead to
the creation of new progenitor niches or loss of competi-
tion for existing progenitor niches within the host thymus.
Among known BM progenitors, HSCs, MPPs, and ELPs
circulate (Goodman and Hodgson, 1962; Wright et al.,
2001; Schwarz and Bhandoola, 2004; Perry et al., 2006),Immunity 26, June 2007 ª2007 Elsevier Inc. 679
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Progenitor and
Location Description
Definition,
Major Subsets Additional Information
HSC; BM, blood hematopoietic stem
cell; self-renewing
Lin Sca-1+ Kithi Flt3;
Thy1.1lo in Thy1.1
strains; CD34 (long-
term HSC) and CD34+
(short-term HSC)
subsets
CD44+, PSGL-1+,
CCR9, IL-7Ra
MPP; BM, blood multipotent progenitor Lin Sca-1+ Kithi
Flt3lo/+; Thy1.1 in
Thy1.1 strains
CD44+, PSGL-1+,
CCR9, IL-7Ra,
VCAM-1+
ELP and LMPP; BM,
blood
early lymphoid
progenitor; lymphoid-
specified multipotent
progenitor
Lin Sca-1+ Kithi Flt3hi;
Thy1.1 in Thy1.1
strains; GFP+ in
RAG-GFP reporter
mice (ELP); VCAM-1
CD44+, PSGL-1+,
CCR9+ subset,
IL-7Ra/lo, RAG+
CLP; BM, blood common lymphoid
progenitor
Lin Sca-1lo IL-7Ra+
Kitlo; Flt3+; Thy1.1 in
Thy1.1 strains
CD44+, PSGL-1+,
CCR9+ subset, AA4+
CLP-2 and pre-pro
B; BM, blood?
common lymphoid
progenitor-2
Lin Sca-1lo IL-7Ra+
B220+ CD19 Kit/lo;
huCD25+ in pTa-huCD25
reporter mice
CD44+, PSGL-1+,
CCR9+ subset, Flt3+
CTP; blood circulating T cell
progenitor
Lin Thy1+ CD25;
huCD25+ subset in
pTa-huCD25 reporter
mice
CD44+, PSGL-1+,
CCR9+ subset, IL-7Ra+,
Kitlo, Flt3 Sca-1+
SpT; spleen
of irradiated mice
splenic pre-T cell Lin Thy1+ CD44lo
CD25lo/+
IL-7Ra, Kitlo, Db-Jb
rearrangements,
VgJg
rearrangements, rare
Vb-DJb
rearrangements
ETP, DN1 Kithi
Canonical DN1,
DN1(a + b); thymus
early thymic
progenitor; early T
lineage progenitor;
Double-Negative 1
Linlo Kithi CD25;
CD44+; Flt3+ CCR9+
and Flt3lo CCR9lo
subsets; CD24 (DN1a)
and CD24+ (DN1b)
subsets
PSGL-1+, Thy1lo,
IL-7Ra/lo, Sca-1+,
CD4lo, rare Db1-Jb1
rearrangements
DN1c; thymus Double-Negative 1c Linlo CD44+ CD25 Kit+
CD24hi
Thy1+, IL-7Ra/lo
DN1d; thymus Double-Negative 1d Linlo CD44+ CD25 Kit
CD24+
Thy1+, IL-7Ra+
DN1e; thymus Double-Negative 1e Linlo CD44+ CD25 Kit
CD24
Thy1+, IL-7Ra+
DN2; thymus Double-Negative 2 Linlo CD25+ Kithi; CD44+ IL-7Ra+, rare
Db1-Jb1
rearrangements
DN3; thymus Double-Negative 3 Linlo CD25+ Kitlo;
CD44lo
IL-7Ra+, TCRb,g,d
rearrangements
‘‘Lin’’ refers to a lineage cocktail containing a mixture of antibodies to surface antigens expressed by differentiated cell types and
contains antibodies to CD8, TCRb, TCRg, NK1.1, Mac1 (CD11b), Gr1, CD19, CD11c, and Ter119. Antibodies to CD4 should be
used with caution, because some early progenitor cells in the thymus are CD4lo. Expression of Kit and CD44 is concordant on
ETP, and therefore measurement of CD44 is not essential when defining ETP. Antibodies to Mac1 should be omitted when exam-
ining fetal progenitors, because some fetal progenitor cells are Mac1lo. BM populations defined as LSKFlt3hi VCAM-1 are highly
enriched for RAG-expressing ELPs, allowing the study of ELPs in nontransgenic mice.680 Immunity 26, June 2007 ª2007 Elsevier Inc.
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Within the bone marrow, hematopoietic stem cells (HSCs) differentiate into multipotential progenitors (MPPs). A subset of MPPs that are Flt3hi initiate
transcription of the gene encoding recombination-activating genes 1 and 2 and are termed early lymphoid progenitors (ELPs) or lymphoid-primed
multipotential progenitors (LMPPs). Subsequent progenitors include the common lymphoid progenitor (CLP) and CLP-2 cells. Progenitor populations
for myeloid and erythroid cells, including common myeloid progenitors (CMPs), granulocyte monocyte progenitors (GMPs), and megakaryocyte
erythrocyte progenitors (MEPs), are shown but are not on the T cell pathway. Bone-marrow progenitors circulate, and cells with the phenotype
and function of HSCs, Flt3lo MPPs, and ELPs have all been identified in blood. More recently, CLPs are also suggested to circulate. Circulating
T cell progenitors (CTPs) have also been identified in blood and are candidate T cell progenitors. The ability of circulating progenitors to settle within
the thymus is regulated and requires, among other molecules, the CC chemokine receptor CCR9, CD44, a4 and b2 integrins, and P-selectin
glycoprotein ligand-1 (PSGL1). The precise identity of thymus-settling progenitors (TSPs) is unknown and may include multiple progenitor popula-
tions. Early thymic progenitors (ETPs), Double-Negative 2 (DN2) cells, Double-Negative 3 (DN3) cells, double positive (DP) thymocytes, and single
positive (SP) mature immunocompetent T cells all arise from TSP. Some progenitors may feed directly to downstream stages of thymocyte devel-
opment without going through an ETP or DN2 stage.whereas CLP-2 have not been identified in peripheral
blood (Schwarz and Bhandoola, 2004; Krueger and von
Boehmer, 2007). CLPs were previously not detected in
blood (Schwarz and Bhandoola, 2004), but more recent
work with in vitro culture on OP9-DL1 cells expressing
Notch ligands (Zuniga-Pflucker, 2004) suggests small
numbers of CLPs may circulate, indicating compartmen-
talization is not absolute (Perry et al., 2006; Umland
et al., 2007).
Another T cell progenitor population that has recently
received considerable interest is the circulating T cell pro-
genitor (CTP), initially identified in fetal blood (Rodewald
et al., 1994; Carlyle and Zuniga-Pflucker, 1998) and
recently shown to also circulate in adult mice (Krueger
and von Boehmer, 2007). CTPs have a Lin Thy-1+CD25 phenotype and possess T potential but lack robust
B, myeloid, and erythroid lineage potentials. In adult mice,
theywere identified as reporter-positive in pTCRa reporter
mice, and at least a subset of these cells expresses
the pTCRa gene. They rapidly generate DP thymocyte
in vivo and in vitro, suggesting they are developmentally
more advanced than ELPs and CLPs. Consistently, they
also appear less efficient than LSK progenitors in their
T developmental potential in vivo, although such differ-
ences are less evident in vitro (Rodewald et al., 1994;
Krueger and von Boehmer, 2007).
The existence of CTPs indicates that nearly all steps of
commitment toward the T cell lineage, including the loss of
myeloid, erythroid, and B potential, can occur extrathymi-
cally. As the thymus exports immature progenitorsImmunity 26, June 2007 ª2007 Elsevier Inc. 681
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progenitors identified outside the thymus might yet be
thymus dependent. However, CTPs arise outside the
thymus because they have also been identified in nude
mice that only possess a thymic rudiment (Rodewald
et al., 1994; Carlyle and Zuniga-Pflucker, 1998; Krueger
and von Boehmer, 2007).
The anatomical source of CTPs is unclear. CTPs share
a Lin Thy1+ phenotype with BM cells described by
Strober and colleagues; these BM cells generated DP
thymocytes upon adoptive transfer into irradiated mice
and had greatly reduced or absent B and myeloid lineage
potential, similar to CTPs (Dejbakhsh-Jones et al., 2001;
Garcia-Ojeda et al., 2005). However, the cells described
by Strober’s group also rapidly generated mature func-
tional T cells upon adoptive transfer into athymic nude
mice (Dejbakhsh-Jones et al., 2001) and in in vitro cell
culture (Dejbakhsh-Jones and Strober, 1999); that
suggested their involvement in an extrathymic pathway
of T cell differentiation. In contrast, CTPs identified in
blood do not rapidly generate mature single positive (SP)
T cells in culture (Krueger and von Boehmer, 2007). It is
possible that DP thymocytes and mature T cells arise
from separate progenitors in the heterogeneous Lin
Thy1+ BM population. For example, mature T cells might
arise from T cells present in the original inoculum. Memory
T cells can undergo tremendous homeostatic prolifera-
tion, potentially explaining T cell generation in such assays
(Tan et al., 2002). In this case, the BM progenitors for DP
cells described by Dejbakhsh-Jones et al. (2001) may be
related to CTPs described in blood; this remains to be
further explored. CTPs may also be related to other Lin
Thy-1+ T lineage-committed populations termed splenic
pre-T cells that were identified in the spleen of acutely
irradiated mice reconstituted with a BM transplant (Lan-
crin et al., 2002). However, splenic pre-T cells are not iden-
tical to CTPs in their cell-surface phenotype (Table 1). In
addition, splenic pre-T cells lack NK potential. In contrast,
CTP populations possess NK potential, although it is
unknown whether the T and NK potentials of CTP reside
within the same cell.
Although multiple different progenitor types circulate,
the mechanisms regulating progenitor mobilization from
BM to blood are predominantly unknown. Whether there
is selectivity for different progenitor types during mobiliza-
tion is also uncertain. Mobilization of HSCs into blood can
be regulated bymultiple adhesionmolecules and cytokine
receptors (Lapidot and Petit, 2002), but whether similar
mechanisms regulate mobilization of downstream hema-
topoietic progenitors in the circulation has not been exam-
ined. Unlike the paucity of evidence on mechanisms of
progenitor mobilization into blood, there is clear evidence
indicating that the ability of progenitors to settle within the
thymus from the blood is regulated. As earlier noted,
CCR9 is important for efficient thymic settling (Uehara
et al., 2002; Liu et al., 2006; Scimone et al., 2006; Wurbel
et al., 2006; Schwarz et al., 2007). CCR9 is expressed on
subsets of ELP, CLP, andCLP-2 cells andCTPs but not on
more primitive upstream progenitors (Scimone et al.,682 Immunity 26, June 2007 ª2007 Elsevier Inc.2006; Krueger and von Boehmer, 2007; Schwarz et al.,
2007). Other known or potential determinants of thymus
settling such as PSGL-1 (Rossi et al., 2005), CD44 (Lesley
et al., 1985), and CCR7 (Liu et al., 2005; Liu et al., 2006)
and a4, b2, (Scimone et al., 2006), and a6 integrins (Ruiz
et al., 1995) are not known to be differentially regulated
between different circulating progenitors.
Progenitors in Thymus
The thymus requires periodic or continuous input of
hematopoietic progenitors to maintain T cell development
(Donskoy and Goldschneider, 1992; Foss et al., 2001).
Progenitor cells enter the adult thymus at the corticome-
dullary junction (Kyewski, 1987; Lind et al., 2001; Porritt
et al., 2003), and at least some progeny of these entering
cells occupy the perimedullary cortical zone for a
prolonged period of time, before migrating outward
toward the subcapsular zone (Porritt et al., 2003) where
substantial proliferation occurs (Penit, 1988; Ciofani
et al., 2004). Progenitors are in intimate contact with
thymic stromal cells throughout these stages, thereby
enabling stromal cells to deliver Notch and other signals
that are essential for intrathymic T cell differentiation.
The Notch ligands Delta-like 1 and Delta-like 4 can each
signal via Notch1 molecules on the cell surface (Hozumi
et al., 2004) (Mohtashami and Zuniga-Pflucker, 2006),
but Delta-like 4 is thought to be specific for Notch1,
whereas Delta-like 1 also signals through Notch2 (Bessey-
rias et al., 2007). As predicted by the crucial role for
Notch1 but not other Notch molecules in T cell develop-
ment (Radtke et al., 1999), Delta-like 4 is expressed on
thymic epithelium (Heinzel et al., 2007).
The earliest described intrathymic progenitors reside
within the CD3 CD8 CD44+ CD25 Kithi population
and are variously termed Double-Negative 1 (DN1), early
thymic progenitors (ETPs), or DN1a cells (Shortman and
Wu, 1996; Allman et al., 2003; Porritt et al., 2004; Wu,
2006). Unlike DN1 cells, ETPs include some cells that
express low amounts of CD4. Because these CD4lo cells
appear to be functionally equivalent to DN1 Kithi cells
(Wu et al., 1991; Godfrey et al., 1992; Matsuzaki et al.,
1993; Allman et al., 2003; Porritt et al., 2004; Balciunaite
et al., 2005; Sambandam et al., 2005), individual laborato-
ries should carefully consider whether CD4 antibody
depletions are to be used and, if so, with what level of
stringency. Surface expression of CD4 by ETPs is likely
to represent passive acquisition from other thymocytes
(Michie et al., 1998), so in terms of CD4 and CD8 expres-
sion, ETPs are transcriptionally equivalent to CD4 CD8
CD44+ CD25DN1 Kithi cells (Godfrey et al., 1992; Matsu-
zaki et al., 1993). The ETP term is used in this review to
include both CD4 and CD4lo cells (Table 1).
ETP differentiate into DN2 cells (Linlo CD44+ Kithi CD25+)
cells that migrate outwards from sites of entry in the
perimedullary cortex to the inner cortex (Lind et al.,
2001; Porritt et al., 2003). Upon migrating to the outer
cortex, they undergo further differentiation to become
DN3 cells (Linlo CD44lo Kitlo CD25+) that are committed
to the T cell lineage and that undertake large-scale
Immunity
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The ability of different progenitor types to give rise to different cell lineages is indicated. Terminology for progenitors is the same as in the previous
figure. The following abbreviations are used: T, T cell lineage; B, B cell lineage; NK, natural-killer-cell lineage; DC, dendritic-cell lineage; M, myeloid-
cell lineage; and E, erythroid-cell lineage. Progenitors described with a lowercase ‘‘m’’ have attenuatedmyeloid potential. Some lineage potentials are
uncertain, and these are indicated with a question mark. Frequencies of different prethymic and intrathymic progenitor types are shown. Frequencies
for the prethymic progenitor populations are for bone-marrow populations and therefore are not shown for CTP that were identified in blood. Within
the heterogeneous ETP and DN2 populations, estimated frequencies of subsets with different combinations of lineage potentials are also given.
These frequencies are from the following references: Schmitt et al. (2004), Benz and Bleul (2005), Sambandam et al. (2005), and Heinzel et al. (2007).rearrangement of TCRb, g, and d gene loci. Some DN3
cells differentiate into gd lineage T cells, whereas other
DN3 cells undertake a further proliferative burst to gener-
ate ab lineage CD4+CD8+ double positive (DP) thymo-
cytes (Ciofani et al., 2006), which are the most abundant
cells within the thymus. These DP thymocytes initiate rear-
rangement of the TCRa locus, undergo selection on the
basis of the specificity of their clonotypic antigen receptor,
and develop into CD4 and CD8 single positive (SP)
immunocompetent T cells that leave the thymus for the
periphery (Petrie and Zuniga-Pflucker, 2007).
It seems clear that considerable proliferation must
occur after thymus settling to generate the abundant DP
thymocyte population (Egerton et al., 1990; Penit et al.,
1995). Indeed, ETPs have been called ‘‘canonical’’
progenitors (Porritt et al., 2004) because they are the
most efficient progenitors of DP cells identified within
the thymus (Godfrey et al., 1992; Matsuzaki et al., 1993;
Allman et al., 2003; Martin et al., 2003; Min et al., 2004;
Porritt et al., 2004). Progenitor populations defined as
DN1 Kithi, or as ETP, are themselves heterogeneous,
and subsets have been described with CD24 (Porritt
et al., 2004), Flt3 (CD135) (Sambandam et al., 2005), and
CCR9-EGFP expression in CCR9 reporter mice (Benz
and Bleul, 2005; Heinzel et al., 2007). The rare ETP subset
defined by expression of Flt3, and also by expression of
high levels of EGFP in CCR9 reporter mice, contains
some B lineage potential (Benz and Bleul, 2005; Samban-dam et al., 2005; Ceredig et al., 2007; Heinzel et al., 2007).
For some ETPs, T and B potential have been demon-
strated in the same cell (Benz and Bleul, 2005; Heinzel
et al., 2007). These T-B potent ETPs are distinct from
other Kit+ CD24hi DN1 populations termed DN1c, which
also contain B potential but lack efficient T lineage
potential (Porritt et al., 2004; Sambandam et al., 2005).
However, the vast majority of ETPs lack B potential, which
is undetectable within the Flt3lo subset of ETPs and
also undetectable in downstream DN2 and DN3 cells
(Figure 2).
Unlike the situation with B potential, many ETPs retain
NK and DC potential (Schmitt et al., 2004; Heinzel et al.,
2007). They also demonstrate some myeloid potential
(Matsuzaki et al., 1993; Shortman and Wu, 1996; King
et al., 2002; Allman et al., 2003), although this was not
established in clonal assays, and myeloid potential and
T potential may not be present in the same cell (Figure 2).
There is very little if any erythroid potential in the mouse
thymus, although erythroid progenitors have been
detected in the human thymus (Weerkamp et al., 2006).
These latter data provide further evidence that HSCs are
unlikely to efficiently immigrate into the normal mouse
thymus.
Loss of NK (Schmitt et al., 2004) and DC potential (Benz
and Bleul, 2005) can occur in the thymus and is complete
by the DN3 stage, coinciding with the onset of large-scale
TCR gene rearrangement. NK, DC, and myeloid potentialImmunity 26, June 2007 ª2007 Elsevier Inc. 683
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signaling is likely to play a crucial role in the loss of
alternative lineage potentials within the thymus, because
withdrawal of Notch signaling is required for cells at
each stage to access alternative lineage fates. By the
DN3 stage, cells are dependent on Notch signaling for
their survival and for maintenance of their metabolic state
(Ciofani et al., 2004; Ciofani and Zuniga-Pflucker, 2005). At
one extreme, Notch signaling might only be required for
trophic, metabolic (Ciofani and Zuniga-Pflucker, 2005),
or proliferative functions (Maillard et al., 2006b; Weng
et al., 2006), enabling the growth of T lineage-biased
progenitors and suppressing the growth of other line-
age-biased cells. Alternatively, Notch may directly signal
the loss of non-T lineage potentials. The current data can
accommodate both possibilities, and indeed these are not
mutually exclusive.
Framing the Gap
As described above, it is clear that BM and blood each
contain multiple, phenotypically distinct populations that
possess T cell potential. However, it has been difficult to
identify populations of intrathymic progenitors with
lineage potentials, phenotypes, and proliferative ability
corresponding to known BM and blood progenitors
(Figure 2). At this time, we simply do not know the exact
provenance of ETPs. Multiple phenotypically distinct BM
populations settle within the thymus after intravenous
injection, suggesting that several of the T potent subsets
in BM and blood may contribute to the intrathymic pool.
One current controversy hinges on the rare ETPs with T
and B potential. Are these recently derived from thymus
colonizing progenitors, and do they efficiently give rise
to downstream intrathymic populations? Or, are they an
alternative population, with functions perhaps distinct
from T lymphopoiesis? Do most thymocytes arise instead
from CTPs (or analogous cells) that have completed fur-
ther differentiation steps toward the T cell lineage? In
this section, we present data supporting each set of
possibilities, along with the difficulties.
Is the Thymus Colonized by Lymphoid-Specified
Progenitors with T and B Lineage Potential?
ELPs are attractive targets for a progenitor population that
colonizes the normal thymus because they circulate,
express molecules important for efficient thymic settling
such as CCR9, and rapidly give rise to large numbers of
DP thymocytes after intravenous administration. If ELPs
(or CLPs and CLP-2) physiologically colonize the thymus,
then cells with a similar complement of lineage potentials
should be detectable within the thymus. B potential
appears greatly reduced among ETPs as compared to
BM populations such as CLPs (Allman et al., 2003), and
even the earliest identified thymic progenitor populations
express target genes indicative of low-level Notch signal-
ing and require Notch signaling for their generation
(Sambandam et al., 2005; Tan et al., 2005).
One model that accommodates these findings
suggests that T-B potent ELPs (and perhaps CLP and684 Immunity 26, June 2007 ª2007 Elsevier Inc.CLP-2) that settle the thymus respond to Notch and other
inductive signals by proliferation and differentiation,
generating a population of downstream ETPs that
maintain T and other lineage potentials but have lost B
lineage potential. Thismodel predicts heterogeneity within
ETPs because of the existence of a rare ETP subset
possessing T and B potential at the clonal level. These
T-B potent ETPs would represent, or be recently derived
from, thymus-settling ELPs that have not yet been
signaled to lose B lineage potential. Indeed, progenitors
with T and B potential at the single-cell level can be
identified within the Flt3+ and CCR9+ subset of ETPs.
Such T-B potent ETPs are phenotypically and functionally
similar to ELPs found in BM and blood (Benz and Bleul,
2005; Heinzel et al., 2007). However, these T-B potent
ETPs are estimated to be a very small fraction of the
ETP population (Porritt et al., 2004; Balciunaite et al.,
2005; Lu et al., 2005; Sambandam et al., 2005; Ceredig
et al., 2007). A key prediction of this model, therefore, is
that thymus-settling ELPs undergo extensive cell division,
generating large numbers of downstream ETPs. Pioneer-
ing work suggested that the degree of expansion within
ETPs is extensive (Shortman et al., 1990), but more work
on this aspect is still needed.
It is uncertain whether all development within the
thymus necessarily proceeds via an ETP or even a DN2
stage. In BM transplant models, there is good evidence
of thymocyte regeneration in the absence of ETPs and
DN2 cells (Maillard et al., 2006a). It has been suggested
that, in this circumstance, DN3-like splenic pre-T cells
might directly feed into the T cell developmental pathway
downstream of DN2 cells (Lancrin et al., 2002; Maillard
et al., 2006a). CLP rapidly adopt the DN2 phenotype
upon exposure to Notch signals in vitro (Krueger et al.,
2006), seemingly bypassing the ETP stage; however,
CLP injected in vivo do, at least transiently, acquire an
ETP phenotype (Schwarz et al., 2007). Together, these
data suggest the possibility that entry into the intrathymic
T cell developmental pathway may occur at multiple
stages.
In summary, the proposition that lymphoid-specified
cells settle the thymus, although attractive, is by nomeans
universally accepted. Supporting this idea is the presence
of ELPs in blood, the enrichment for CCR9 expression on
ELPs, and the efficiency of these cells as T cell progeni-
tors. Nevertheless, significant difficulties remain, including
the very low frequency of progenitors with T-B potential in
the adult thymus. Crucially, ELPs have not been shown to
directly settle within the thymus. Hence, the efficient T
potential of ELPs in experimental assays may not reflect
their direct thymic colonization but may instead reflect
their ability to efficiently give rise to downstream cells
that subsequently colonize the thymus (Boehm and Bleul,
2006). More sensitive assays of thymic colonization are
needed to resolve this issue.
Is the T Cell Fate Specified Prethymically?
The vast majority of ETPs lack B potential (Porritt et al.,
2004; Balciunaite et al., 2005; Benz and Bleul, 2005;
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2007; Heinzel et al., 2007). This raises the possibility that
BM progenitors possessing T but not B potential may
give rise to the majority of ETPs. For testing this idea,
the lineage potential of thymic-homing cells was exam-
ined by intravenously injecting BM, then isolating Kithi
donor cells from the thymus 24 hr later. These cells pos-
sessed T potential and lacked B potential (Porritt et al.,
2004). Although small numbers of cells were assessed in
these experiments, these data suggest that thymus-
settling progenitors lacking B potential represent a major
source of thymocytes.
The hypothesis that loss of B potential occurs prethymi-
cally necessitates the existence of prethymic progenitor
populations that possess T potential but lack B lineage
potential. It has been suggested that progenitors
previously considered multipotent at the single-cell level
are instead heterogeneous mixtures of lineage-biased
progenitors. Katsura, Kawamoto, and colleagues as-
sessed the lineage potential of fetal-liver and BM
progenitors in a unique multilineage progenitor assay.
These authors reported that lymphoid progenitors (i.e.,
cells with the phenotype of ELP or CLP) did not contain
progenitors with both T and B potential but rather some
cells containing T potential and other cells containing B
potential (Kawamoto et al., 2000; Ikawa et al., 2004; Lu
et al., 2005). These data provide support for the idea
that thymic colonization by T lineage-biased progenitors
generates the ETP population. In this scenario, the B line-
age potential of ETP could reflect residual plasticity, which
is only revealed when Notch signals are discontinued
in vitro or when the cells are adoptively transferred outside
the thymus (Taghon et al., 2005). One potential caveat with
the finding of T lineage-biased progenitors is that the
multilineage-progenitor assay used involves the seeding
of progenitors into a fetal thymus to support T cell devel-
opment, together with cytokine supplementation to permit
the development of other lineages. Signaling via Notch
ligands expressed on thymic stroma may block B cell
development from T-B progenitors but perhaps not from
more primitive multipotent progenitors. Notch1 surface
expression is upregulated in ELPs and CLPs (Heinzel
et al., 2007), and this provides a mechanistic reason why
they might appear to lack B potential when assessed in
the presence of Notch ligands. In the future, it will be
important to establish whether cells determined to lack B
potential in this assay are also devoid of B potential in
other assay systems.
Notch has been suggested to play a critical role in the
intrathymic commitment of T and B progenitors toward
the T cell lineage. If T cell progenitors lose B potential
prethymically, might this reflect prethymic signaling via
Notch molecules? The canonical Notch target gene
Hes1 is expressed in fetal-liver progenitors (Harman
et al., 2005), and this has suggested the possibility that
Notch signaling mediates prethymic loss of alternative
lineage potentials during development of fetal T cell. How-
ever, Hes1 is also a target of E proteins (Ikawa et al., 2006)
and possibly other transcription factors. Fetal-liver pro-genitors that expressed Hes1 lacked high-level expres-
sion of other canonical Notch targets such as Deltex1
(Harman et al., 2005), suggesting these cells might not
have been experiencing Notch signaling.
Perhaps the strongest candidates for progenitors that
are prethymically committed to the T cell lineage are
the Lin Thy1+ cells termed CTPs. Might thymus settling
by such CTPs explain the relative lack of B potential
within ETPs? In in vitro assays, CTPs rapidly differentiate
to the CD4+ CD8+ DP stage, highlighting their relative
developmental maturity (Krueger and von Boehmer,
2007). Indeed, these cells differentiate much more
rapidly to the DP stage than ETPs, suggesting that CTP
are unlikely to give rise to ETP after thymic entry. Rather,
CTP entering the thymus may feed into the T lineage
developmental pathway downstream of the ETP and
DN2 stage (Maillard et al., 2006a; Petrie, 2007), rapidly
adopting a DN3-like phenotype. Of relevance here are
‘‘noncanonical’’ T progenitor subsets termed DN1c,
DN1d, and DN1e that are distinct from ETP but that
also possess T potential (Porritt et al., 2004) (Table 1),
consistent with the hypothesis that multiple progenitor
streams might enter the thymus.
Progenitor-successor relationships upstream of CTPs,
the requirements for their development, and the anatomi-
cal site in which they develop remain to be better
explored. Whether CTPs require Notch signaling for their
generation is also not clear. When irradiated mice were
reconstituted with BM progenitors retrovirally transduced
with a dominant-negative mastermind-like 1 construct
that blocks Notch-mediated transcription, cells with
a Lin Thy1+ phenotype continued to circulate. This
suggested that CTPs may be generated in the absence
of Notch signaling (Krueger and von Boehmer, 2007).
However, populations defined as CTPs may be heteroge-
neous, and it is possible that T competent subsets of CTPs
failed to be generated in these circumstances.
In irradiated mice, T cell progenitor populations similar
to CTPs are transiently expanded in the spleen, but these
splenic pre-T cells differ from CTPs in that they are
CD25lo/+. Like thymic CD25+ DN3 cells, splenic pre-T cells
possess TCRb rearrangements, are committed to the T
cell lineage, and depend on Notch signaling for their
generation (Lancrin et al., 2002; Maillard et al., 2006a;
Besseyrias et al., 2007). The existence of such cells
even in athymic recipients clearly demonstrates that full
commitment to the T cell lineage can occur extrathymi-
cally. Remarkably, these DN3-like splenic pre-T cells
can use either Notch1 or Notch2 for their generation and
thus appear to differ from DN3 cells generated intrathymi-
cally (Maillard et al., 2006a; Besseyrias et al., 2007).
In summary, there is now clear evidence that many of
the commitment steps toward T cells can occur extra-
thymically, including commitment to the T cell lineage in
at least some circumstances. It is further possible that
there are several distinct T lineage-specified progenitors,
which may arise by distinct pathways. Their role in thymic
reconstitution during BM transplant, and in steady-state T
lymphopoiesis, remains to be elucidated.Immunity 26, June 2007 ª2007 Elsevier Inc. 685
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Multiple different progenitors may enter the thymus. Such
a perspective raises new questions. What is the relative
contribution of each type of thymic-homing progenitor to
the mainstream ab lineage T cell pool? Might the major
source of thymocytes change at different stages, for
example, in development of fetal versus adult T cells;
and in different contexts, for example, after irradiation
and BM transplant versus the physiological situation?
If only some pathways are efficient sources of T cells,
what is the function of other thymus-settling progenitors?
Here, several possibilities can be envisaged. Some
thymus-settling progenitors might give rise to functionally
distinct T cells. For example, neonatal T cells have a
pronounced Th2 bias, and this bias may relate to unique
fetal T cell progenitors (Adkins, 2003). Other features of
development of fetal T cells, including the temporally
restrained generation of gd T cell subsets (Havran and
Allison, 1988), remain poorly understood, and here again
different progenitor populations may be implicated.
Another possibility is that some progenitor streams enter-
ing the thymus give rise to non-T lineages normally pres-
ent in the thymus, such as dendritic cells, B cells, or
myeloid cells, and these alternative lineages may be
important for tolerance induction of developing T cells
(Ardavin et al., 1993; Akashi et al., 2000). Yet another
possibility is that some incoming cells generate unique
subsets that play important roles in conditioning the
thymus to support efficient intrathymic T cell develop-
ment. For example, a subset of DP thymocytes possesses
lymphoid tissue inducer (LTi) function that is important for
normal intrathymic T cell development (Silva-Santos et al.,
2005), and it is tempting to speculate that this DP subset
may arise from distinct progenitors. Although much of
this is currently only speculation, the perspective
presented here suggests that more attention should be
paid to non-T cell-lineage progeny of thymus-colonizing
progenitors, so that functions of these other lineages
may be better understood.
Closing the Gap
Our preferred synthesis is that although much is clear and
much has been recently learned, a gap existing in our
knowledge of thymic-settling progenitors will take more
work to close. One idea that we must seriously consider
is whether multiple pathways operate in the development
of the T cell lineage. Hence a broad range of thymus-hom-
ing progenitors may exist, and alternative lineage poten-
tials may be lost at different sites, in different sequence,
and perhaps in response to different signals, i.e., Notch-
dependent as well as Notch-independent mechanisms.
This perspective is not inconsistent with a main or canon-
ical pathway because the thymus selects the most re-
sponsive cells to enter this canonical path.
The task for the future is to enumerate any additional
progenitors with T potential and to quantify the efficiencies
with which different progenitors gain access to the circu-
lation, settle within the thymus, and respond to T inductive
signals there. A complementary approach is to learn the686 Immunity 26, June 2007 ª2007 Elsevier Inc.molecular determinants of thymic homing and Notch
responsiveness, so that progenitors expressing the
necessary molecules can be identified. Such approaches
together will allow a better understanding of T cell origins.
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